The population of human immunodeficiency virus type 1 (HIV-1)-infected (HIV + ) individuals over age 50 is growing due to effective antiretroviral therapies (ART), and focus has shifted to prevention and management of age-related comorbidities. Dyslipidemia is common among people living with HIV (PLWH) in the current ART era. Persistent elevations in triglycerides and total cholesterol, and reductions in high-density lipoprotein cholesterol (HDL-C) levels, are detected in HIV + cohorts, whereas elevations in low-density lipoprotein cholesterol (LDL-C) are less consistent [1, 2] . Previous studies suggest that elevated total cholesterol or low HDL-C levels are associated with increased risk of late-onset dementia in the general population [3, 4] . Furthermore, high total cholesterol was implicated as a risk factor for lower cognitive scores in PLWH and worsening HIV-1-associated neurocognitive disorders (HAND) [5] , but the longitudinal effects of lipid levels on cognitive decline in ART-treated older HIV + individuals are unknown.
The main cholesterol transporter in the central nervous system is apolipoprotein E (APOE), a structural component of very low-density lipoproteins and HDL-C [6] . Three major APOE isoforms are encoded by the ε2, ε3, and ε4 alleles, with worldwide frequencies of approximately 8%, 78%, and 14%, respectively [7] . The ε4 allele is the most important genetic risk factor for Alzheimer's disease, and is a risk factor for age-related cognitive decline in the general population [8] . The relationship between APOE genotype and HAND is unclear due to conflicting results [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . While some cross-sectional studies suggest that the ε4 allele increases risk for HAND over age 50 [12, 19] , others found no significant cognitive effect of the ε4 allele in HIV + adults [9, 11, 13, 20, 22] . The ε4 allele has been associated with hypercholesterolemia, but no studies have examined whether ε4 genotype interacts with cholesterol levels to influence cognitive decline in aging PLWH. It is critical to understand when lipids and APOE ε4 status modify cognitive performance among ART-treated HIV + adults, as these factors can guide clinical practice and trial design. Here, we examined the effect of lipid profiles and APOE ε4 allele on cognitive decline in a cohort of ART-adherent HIV + and HIV -men aged 50-65 years. We then modeled the interaction between elevated cholesterol levels and statin use or ε4 genotype to estimate their combined effects on the rate of cognitive decline.
METHODS

Data Source
This was a prospective study using data from the Multicenter AIDS Cohort Study (MACS), an observational cohort of HIV + and HIV -men who have sex with men. Interviews, physical examinations, and biological specimens were collected in biannual visits; neuropsychological examinations began in 1986. Details of the study design and enrollment patterns have been previously described [23] (Supplementary Methods). The institutional review boards at each of the clinical sites approved the research, and subjects signed a written statement of informed consent. The MACS public data is released annually (http://www.statepi. jhsph.edu/macs/macs.html) [23] ; the p23 release was translated to a local SQL database and used in these analyses.
Study Population
This study was restricted to MACS visits between January 1996 and December 2010. A sequential process was performed to define the study cohort of 789 men aged 50-65 years ( Figure 1 ; Supplementary Methods). Among 3346 men with visits from 1996 to 2010, 1250 were outside the age for eligibility, had a history of CNS opportunistic infections, or reported cocaine, crack, or heroin use at >50% of visits during the study period, while 653 were excluded due to ART adherence <95% in follow-up and other exclusion criteria (Supplementary Methods). For inclusion, HIV + participants had to be on ART for ≥1 year prior to baseline visit and have plasma viral load <400 copies/mL at baseline. HIV -controls were matched to HIV + cases with the MatchIt package in R (version 2.4-21;
http://gking.harvard.edu/matchit) [24] . Subjects were matched irrespective of the number of neurocognitive visits to minimize bias that may have been associated with neuropsychological substudy entry; matched covariates included age at study entry, black race, education level, alcohol use, and smoking. Matched subjects with at least 2 neurocognitive visits were included in the final study cohort.
Measures of Cognitive Function
A battery of 15 neuropsychological tests measuring cognitive domains related to HAND was used to generate a composite cognitive summary score [25] . Individual tests were converted to z scores using the test's mean and standard deviation (SD) from HIV -and hepatitis C virus-antibody negative men aged 45-49 years stratified by education level as reference norms. The age range of the normative group (45-49 years) was selected based on proximity to the cohort median age at the baseline visit, and relatively stable cognitive performance within this narrow age window. The cognitive summary score created to capture performance heterogeneity included (1) The effect of APOE ε4 allele was explored in an independent mixed-effects model; ε4 status was modeled as a categorical covariate (ε4 carrier, ε4 noncarrier, and unknown/ε2 homozygotes). The decision to categorize the ε2 allele separately was made prior to analysis given its protective cognitive effects, which may falsely underestimate cognitive decline in ε4 noncarriers [6] . All models included a random intercept and slope. Analyses were performed using SAS version 9.3 (SAS Institute, Cary, North Carolina).
RESULTS
Clinical Characteristics
Clinical characteristics of the study cohort are shown in Table 1 (n = 789 men; 273 HIV + , 516 HIV -). The median age was 51 years at study entry (IQR, 50-55 years) with a mean follow-up of 6.3 years. Eighty-one percent self-identified as non-Hispanic white, and 14% as black. HIV + and HIV -men had similar proportions with >12 years of education (P = .35). HIV + men had higher mean baseline CES-D scores (9.7 vs 8.5) and greater proportion with scores ≥16 (22% vs 18%; P = .08), a cutoff for high depressive symptoms. The median CD4 count was 514 at baseline; 70% maintained viral suppression (<50 copies/mL with ≤2 blips, blip ≥400 copies/mL). Baseline cholesterol and LDL-C levels were similar between groups, whereas HIV + men had higher triglycerides and lower HDL-C than controls (P < .001). Among HIV + men, 51% were on a statin for at least 1 year.
Lipids and Cognitive Decline
Time-related terms reflecting the association between total cholesterol levels and cognitive decline between ages 50-65 years are summarized in Table 2 . While the estimated rate of cognitive decline accelerated with increasing cholesterol levels in both groups, HIV + men had a faster rate of decline compared with HIV -controls (estimate = −0.0034, P = .003; Figure 2 ). Figure 2A Table 2 ).
In post hoc analyses, cholesterol was replaced with time-varying LDL-C, HDL-C, or log 10 triglycerides, and associations with cognitive scores examined. Higher LDL-C and triglyceride levels were associated with a steeper slope of cognitive decline, while elevated HDL-C levels attenuated the rate of cognitive decline in HIV + men ( Figure 2 and Table 2 ). The association between cholesterol and decline in specific cognitive domains was examined in secondary analyses for composite scores of executive function, perceptual speed, verbal memory, attention and working memory, and motor speed. Higher cholesterol was associated with a steeper slope of decline in attention and working memory (P < .001), and marginal significance for verbal memory (P = .05; Supplementary Table 2 ). In sensitivity analyses, the association between cholesterol level and the rate of decline among HIV + subjects remained significant after the exclusion of 2 subjects with baseline cognitive z score < −2 (data not shown) and 145 HIV + subjects who did not maintain viral suppression (<50 copies/mL) at all study visits (estimate −0.0028; P = .04).
In a separate analysis, the association between total cholesterol, statin use, and rate of cognitive decline was examined. In this model, statin use was not associated with a change in the baseline cognitive score in HIV -or HIV + men (P = .43 and .61, respectively) between the ages of 50 and 65 years. In models adjusted for statin use, the association between elevated cholesterol and steeper estimated rate of cognitive decline in ARTadherent HIV + men remained significant (P = .004; Table 2 ), but the estimated decline associated with elevated total cholesterol was attenuated with statin use ( Figure 2B ; P = .019).
APOE ε4 Allele and Cognitive Decline
Cohort characteristics of APOE ε4 carriers and noncarriers were similar to the larger study cohort (Supplementary Table 3) , and ε4 genotype frequencies were comparable ( Figure 3A) . Among HIV + ε4 carriers vs noncarriers, there were no differences in median baseline CD4 count or ART medications used, but HIV + ε4 carriers had higher baseline triglyceride levels (P < .001). While longitudinal decline in cognitive scores was observed among all HIV + individuals, the rate of decline accelerated among HIV + APOE ε4 carriers (P = .01; Table 3 ). Figure 3B illustrate that the estimated cognitive trajectory for HIV + ε4 carriers deviates rapidly from HIV + ε4 noncarriers and HIV -controls aged 50-65 years.
Divergent estimated slopes in
Given that there were no significant differences in the intercept between HIV + carriers and noncarriers at study entry (Supplementary Table 4) , cognitive decline for HIV + ε4 carriers is expected to start after age 50. In post hoc analyses accelerated rate of decline in perceptual speed, but no other cognitive domains, was estimated for HIV + ε4 carriers (P = .03; Supplementary Table 4 ). Given that cholesterol levels and APOE ε4 genotype were associated with cognitive decline in HIV + men, we next examined whether these covariates interact to influence the rate of decline. The 3-way interaction term between HIV infection, cholesterol, and time (P = .002; Table 3 ) remained significant for cognitive decline among HIV + ε4 carriers.
While accelerated rates of decline were estimated among HIV + APOE ε4 carriers vs noncarriers (P < .01), the annual rate of decline among ε4 carriers was not further modified by cholesterol levels (P = .9; Figure 3C and 3D and Table 3 ). Thus, cholesterol levels and presence of the ε4 allele have independent effects on cognitive decline in HIV + subjects, and do not substantially influence their respective associations.
DISCUSSION
In this prospective study, elevated cholesterol, LDL-C, and triglyceride levels were associated with faster rates of cognitive Figure 2 . Higher total cholesterol, low-density lipoprotein cholesterol (LDL-C), and triglycerides are associated with faster rates of cognitive decline, whereas high-density lipoprotein cholesterol (HDL-C) levels attenuate decline in antiretroviral therapy-treated human immunodeficiency virus-infected (HIV + ) men. A, Estimated slopes in neurocognitive scores according to total cholesterol, LDL-C, HDL-C, and log 10 triglyceride levels stratified by HIV infection, and categorized by National Cholesterol Education Program guidelines are shown. The slopes are estimated for a man with study entry age of 50, and cohort mean IQ score 108, baseline Center for Epidemiological Studies Depression Scale score 9, and CD4 count held at 800 cells/mL. The x-axis is time in study (years) centered at zero for the first visit after age 50, and y-axis is the change in cognitive performance from the baseline score. There is an accelerated rate of age-related decline in the cognitive score as total cholesterol and triglycerides levels increase in human immunodeficiency virus-uninfected (HIV -) and HIV + men, an effect not observed for LDL-C or HDL-C levels. Higher total cholesterol (P = .003), LDL-C (P = .002), and triglyceride (P = .04) levels in HIV + men are associated with a steeper slope of cognitive decline during the study, whereas higher HDL-C levels attenuated the rate of decline (P = .02). B, Estimated slopes for cognitive scores according to statin use by total cholesterol levels. The association between elevated total cholesterol and faster rate of decline was attenuated in HIV + men on a statin medication (P = .02).
decline in ART-adherent HIV + men ages 50-65, while higher HDL-C attenuated cognitive decline. The estimated rate of cognitive decline associated with elevated cholesterol was attenuated in ART-adherent HIV + men on statins. The APOE ε4 genotype was associated with accelerated cognitive decline in HIV + ε4 carriers older than 50 years, approximately a decade earlier than reported for HIV -ε4 carriers [7] , suggesting that the interaction between treated HIV-infection and the ε4 genotype is a significant risk factor for earlier onset of cognitive decline. Cholesterol levels and the APOE ε4 genotype had independent effects on the rate of decline among treated HIV + but not HIV -men, and are therefore unlikely to be redundant risk factors. In aggregate, these findings suggest that control of dyslipidemia may reduce the risk of midlife cognitive decline in aging PLWH on ART, and the APOE ε4 genotype likely influences cognitive trajectories via mechanisms distinct from its effects on lipid metabolism. HIV + individuals are at increased risk for dyslipidemia due to HIV infection and ART, and have higher rates of cardiovascular disease and metabolic syndrome [26, 27] . We tested the relationship between time-varying cholesterol levels and cognitive decline, and showed that for every 10 mg/dL increase in cholesterol or LDL-C between ages 50 and 65, the rate of cognitive decline among HIV + men increased. We also demonstrated a positive relationship between time-varying HDL-C levels and longitudinal cognitive performance in HIV + subjects. While published reports on the relationship between lipids and cognitive decline in the general population are mixed [28] , the association between HDL-C and higher cognitive scores in midlife HIV + men is similar to findings in older HIV -cohorts [29, 30] . HDL-C-like lipoproteins are found in cerebrospinal fluid (CSF), are lower in those with Alzheimer's disease or APOE ε4 allele, and may be protective against cognitive decline [28] . HDL-C is proposed to play a role in mitigating oxidative stress, metabolizing oxidized lipids, and reducing LDL-C-induced inflammation [31] . Together with findings from preceding studies demonstrating altered CSF lipid metabolism among HIV + adults [32, 33] , these analyses highlight the importance of identifying mechanisms by which lipids affect cognitive aging and potential strategies for therapeutic intervention. While our findings suggest that the APOE ε4 allele has a substantial effect on cognitive decline in older men with treated The annual rate of decline is estimated for a man with baseline age 50 years, and cohort mean IQ score 108, baseline Center for Epidemiological Studies Depression Scale score 9, and CD4 count held at 800 cells/mL. APOE ε4 carriers had lower baseline cognitive scores than noncarriers (P = .03), an association that was not modified by HIV infection (P = .14). HIV + APOE ε4 carriers showed accelerated decline in cognitive scores between ages 50 and 65 years, and the rate of accelerated decline was faster than predicted for HIV + noncarriers (P = .01). Elevated total cholesterol levels were associated with faster rates of decline among HIV + ε4 noncarriers (P < 0.01), while the accelerated rate of decline in HIV + ε4 carriers was not further modified by cholesterol (P = .9).
HIV infection, accelerating a downward trajectory after age 50, they differ from those of 2 previous longitudinal studies. Burt et al [11] did not identify an association between the APOE ε4 allele and HIV-associated dementia in subjects on early ART regimens, and Becker et al [22] recently reported no association between the ε4 allele and time to impairment or death. However, there are key methodological differences between study designs that should be taken into account when comparing the aforementioned results to the present study. We studied ART-adherent HIV + men over age 50, included HIV -controls well-matched for demographics and lifestyle factors, and allowed for acceleration in the rate of decline. Our model predicts that while all groups are estimated to decline over time, there is a complex, nonlinear relationship between time and cognitive performance among older HIV + ε4 carriers. Statistical models in prior longitudinal studies relied on assumptions that the relationship between predictors, time, and risk for cognitive impairment remains constant. As such, time or age-dependent effects of the ε4 allele may have been underestimated in later follow-up. In addition to its role in Aβ homeostasis, APOE modulates neuroinflammation and oxidative injury in an isoform-specific manner [34, 35] ; these effects may be augmented in aging PLWH, especially given that HIV-related metabolic syndrome and abdominal obesity are associated with CSF immune activation markers and cognitive impairment [27, 36] . Superimposed cognitive aging effects related to dyslipidemia or ε4 genetic susceptibility, HIV-related neuroinflammation, and oxidative injury may increase vulnerability to midlife cognitive decline among ART-suppressed HIV + individuals. Cholesterol levels did not further moderate decline in HIV + APOE ε4 carriers, suggesting that cholesterol and ε4 allele have independent effects on cognitive decline via mechanisms that may involve cerebrovascular disease, in addition to other mechanisms. This study has several limitations, including those inherent to longitudinal observational studies such as selection, survivorship, and severity bias reflected in characteristics of the MACS study population. These findings require replication in populations with other demographic characteristics. The study was limited to men, predominantly with >12 years of education. Epidemiological studies report greater risk of clinical conversion from healthy aging to mild cognitive impairment or Alzheimer's disease in female APOE ε4 carriers compared with males [37] , highlighting the need for similar analyses in HIV + women. Low education level is a known predictor for decline to symptomatic HAND [25] , and higher educational attainment may provide some protection against effects of the ε4 allele by increasing cognitive reserve. Nonetheless, despite high education levels, HIV + men remained vulnerable to faster rates of decline compared with HIV -controls in the presence of high cholesterol or the ε4 allele. Our findings suggest that clinical management of dyslipidemia with statins in ART-adherent HIV + individuals may reduce the risk of midlife cognitive decline, and a window of opportunity likely occurs between ages 50 and 65 years. Statins block conversion of 3-hydroxy-3-methylglutaryl coenzyme A to mevalonate, a precursor for cholesterol, and have pleiotropic effects that include reducing inflammatory responses and improving endothelial function. In the present study, the association between statin use and estimated rate of cognitive decline was dependent on cholesterol levels in HIV + men, suggesting that the relationship is likely to be mediated through effects of statins on lipid metabolism. Given impressive efforts that have improved survival among HIV + individuals, this study underscores the importance of lipid profiles and APOE ε4 allele to midlife cognitive health in aging HIV + adults and suggests that clinical management of dyslipidemia may be an effective adjunctive strategy to reduce cognitive decline in ART-treated HIV + individuals.
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